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(57) A method for processing a substrate compris- 
ing depositing a dielectric layer comprising silicon, oxy- 
gen, and carbon on the substrate by chemical vapor 
deposition, wherein the dielectric layer has a carbon 
content of at least 1% by atomic weight and a dielectric 
constant of less than about 3, and depositing a silicon 



and carbon containing layer on the dielectric layer. The 
dielectric constant of a dielectric layer deposited by re- 
action of an organosilicon compound having three or 
more methyl groups is significantly reduced by further 
depositing an amorphous hydrogenated silicon carbide 
layer by reaction of an alkylsilane in a plasma of a rela- 
tively inert gas. 
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Description 



! a 1L h , v Ve T n relat6S t0 the fabriCation of inte 9 rated circuits - M ore particularly, the invention relates 

U0021 oV^i* 9 die ! eCtriC ' ayerS ° n 8 SUbStrate and ,he structures f °^ d by the dielectric aye 
E2 • ?1 P " marV St6PS the ,abricati0n of modem semiconductor devices is the formation of metal and 
d.electnc f.lms on a substrate by chemical reaction of gases. Such deposition processes are reared to as c^emS 
vapor deposit™ or CVD. Conventional thermal CVD processes supply reactive gases to thTsLbSe surfac^LTe 
heat-mduced chemical reactions take place to produce a desired film suostrate surface where 

He Sem ! c ° nd " ctor device geometries have dramatically decreased in size since such devices were first intro- 

caS 2Z2 hT Sin ° e th6n ' inte9rat6d CifCUte have 9 enera "V the two yeX-Se SSSn 

, 1 Wh ' Ch meanS that the number of devices ,hat wi » flt o" * chip doubles every two y ST Toda Js 
f abncat.on plants are routinely producing devices having 0.35uni and even 0 1 Sum feature sbes ane 
soon will be producing devices having even smaller geometries ' andtomo,TOWS P |a "te 

matenals having low resistMty and insulators having low k (dielectric constant < 4.0) to reduce thl c£aa™c^Z 
nZZ"* '7 r ^ ' ineS - °" e SUCh ' 0W k materia ' * Spi "-° n such as ""-doped st?n gSLs (Ssg 
[0005] A liner/bamer layer is typicaliy deposited between subsequently deposited conductiveZS^^^ 
k dielectnc material to prevent diffusion of byproducts such as moisture onto the conductive ^ 

ZTJ^ dUnn9 fOmiati0n ° f 3 ' 0W k insulator readi 'V d ^es to th ZZt^TZ o^e 

m^alandncreasestheres^^ 

ox,de orsilcon n.tnde materials can blockthe diffusion of the byproducts. S^iiariy a capping ayerm^ 

on a low k dielectnc gap film to prevent diffusion of contaminants such as moisJe. However Ze baSineTteJS 

conZr 9 T 8 * P *H> h3Ve die,eCtriC C ° nStantS th3t are S « niftea ^ grater than 4.0 I the Ti^d e S 
a ^'"^ inSU ' at0r that d06S " 0t si 9"*«cantly reduce the dielectric constant. 

[00071 The present invention generally provides a method for depositing a silicon oxycarbide laver havinn « i™ 
d,e.e<.nc constant and depositing a silicon and carbon containing layer on L silicon oxyTrtSe ayT oTaspel 
the .nvent.cn prov.des a method for processing a substrate comprising depositing a diekLric lave cJwo^Z^n 
oxygen and carbon on the substrate, wherein the dielectric iayer has a carton contend ^£3X22 

5TC o a r n bor on containin9 ,ayer ™ be an ~ s si,fcon —* l;vxj^ 

[OOOJl] Another aspect of the invention provides for a method for processing a substrate comprisina deoositinr, a 
iZt^lTL VTT,^ reaCtin9 a " or 9 anosi,ane oo^nd and i oxidizing JJZStSS^ 

£££!^ 

Sri,'." an ° the I ° f the inVenti ° n ' 8 meth0d is P rovided for Pressing a substrate, comprising depositina a 
d electnc layer on the substrate by reacting an organosilicon compound comprising three or more S Zps with 
ozone, wherein the d.electric layer has a carbon content between about 5% and about 50% bv aTomin JSSVT. 
dielec.ricconstentlessthanabouta.anddeposmngasilconcamide.ayeror^ 

S!° P 1 „°I H An °l her T"* ° f th6> lnV6nti0n Pr ° VideS f0r 8 SUbstrate oomprlsing a dielectric layer comprising silicon ox- 
ygen and carbon, wherem the dielectric layer has a carbon content of at least 1 % by atomic weigM and a s Sand 

2out 2 C 4° 9 yer the die,ectric ,ayer - ^ dietectric ,a * er " referab * has * d^^TlTtS 

[0011] So that the embodiments of the present invention can be understood in detail, a more particular descriotion 
SET k h erenCe , t0 8PPended dr8WingS - " te t0 be noted ' however - ** *. appended SS^liSSS 

d F eicribtd^ C e rn"; SeCti0nal d ' a9ram " ^ ™ f ° r USe acC0fdin 9 to embodiments 

reacfol'of Kg.T" " & ^ Pr ° 9ram Pr ° dUCt C ° njUnCti ° n With the exem ^ CVD 



i i 

EP1 195 451 A1 

Fig. 3 is a cross sectional view showing a damascene structure comprising a silicon oxycarbide layer and a silicon 
carbide cap layer described herein; 

Fig. 4A-4C are cross sectional views showing one embodiment of a damascene deposition sequence; 
Fig. 5 is a cross sectional view showing a dual damascene structure comprising two silicon oxycarbide layers and 
two silicon carbide cap layers described herein; 

Fig. 6A-6E are cross sectional views showing one embodiment of a dual damascene deposition sequence; 
Fig. 7 is a flow chart illustrating steps undertaken in depositing a silicon oxycarbide layer and a silicon carbide cap 
layer in a gap filling process according to another embodiment described herein; and 
Fig. 8A-8E is a schematic diagram of the layers deposited on a substrate by the process of Fig. 7. 

[001 2] The present invention is described by reference to a method and apparatus for depositing a silicon oxycarbide 
layer having a low dielectric constant, and depositing a silicon and carbon containing layer on the silicon oxycarbide 
layer. Surprisingly and unexpectedly, plasma enhanced deposition of a silicon and carbon containing layer on the silicon 
oxycarbide layer decreases the dielectric constant of the underlying silicon oxycarbide material, apparently by removing 
some of the carbon without shrinking or deforming the silicon oxycarbide layer. 

[0013] The silicon oxycarbide layer is deposited by reacting an organosilicon compound to form a dielectric layer 
comprising carbon-silicon bonds and a dielectric constant less than about 3. The silicon oxycarbide layer can be de- 
posited as a planar layer or as a gap fill dielectric layer between conductive materials prior to deposition of the silicon 
and carbon containing layer. The silicon and carbon containing layer is preferably a silicon carbide cap layer which 
may be doped with oxygen, nitrogen, or both. 

[0014] The silicon oxycarbide layer contains carbon in silicon -carbon bonds which contributes to low dielectric con- 
stants and barrier properties. The remaining carbon content of the deposited film is between about 1 % and about 50% 
by atomic weight, and is preferably between about 5% and about 50% by atomic weight. The deposited films may 
contain C-H or C-F bonds throughout to provide hydrophobic properties to the silicon oxycarbide layer. The inclusion 
of carbon-silicon bonds in the silicon oxycarbide film is believed to lower the dielectric constant to about 3 or less. 
[0015] The silicon oxycarbide layers are produced from organosilicon compounds containing carbon in organo groups 
that are not readily removed by oxidation at processing conditions. Suitable organo groups include alkyl, alkenyl, cy- 
clohexenyl, and aryl groups and functional derivatives. The organosilicon compounds include, for example: 



30 


methylsilane, 


CH 3 -SiH 3 




dimethylsilane : 


(CH3) 2 -SiH 2 




trimethylsilane, 


(CH3) 3 -SiH 




tetramethylsilane, 


(CH3) 4 -Si 


35 


dimethylsilanediol, 


(CH3) 2 -Sh(OH) 2 




ethylsilane, 


GH 3 -CH 2 -SiH 3 




phenylsllane, 


CeH 5 -SiH3 




diphenylsilane. 


(C 6 H 5 ) 2 -SiH 2 




diphenylsilanediol, 


(C 6 H 5 ) 2 -Si-(OH) 3 


40 


methylphenylsilane, 


CgHg-SiH 2 -CH 3 




disilanomethane, 


SiH 3 -CH 2 -SiH 3 




bis(methylsilano)methane, 


CH 3 -SiH 2 -CH 2 -SiH 2 -CH 3 




1 ,2-disilanoethane, 


SiH 3 -CH 2 -CH 2 -SiH 3 


45 


1 ,2-bis(methylsilano)ethane, 


CH 3 -SiH 2 -CH 2 -CH 2 -SiH 2 -CH3 




2,2-disilanopropane, 


SiH 3 -C(CH 3 ) 2 -SiH 3 




1 ,3,54risilano-2,4,6-trimethylene, 


-(-SiH 2 CH 2 -) 3 - (cyclic) 




dimethyldimethoxysilane, 


(CH3) 2 -Si-(OCH 3 ) 2 




diethyldiethoxysilane, 


(CH 3 CH 2 ) 2 -SI-(OCH 2 CH 3 ) 2 


50 


dimethyldiethoxysllane, 


(CH3) 2 -Si-(OCH 2 CH 3 )2 




diethyldimethoxysilane, 


(CH 3 CH 2 ) 2 -Si-(OCH 3 ) 2 




1,3-dimethyldisiloxane, 


CH 3 -SiH 2 -0-SiH 2 -CH 3 



1 ,1 ,3,3-tetramethyldisiloxane, 


(CH 3 ) 2 -SiH-0-SiH-(CH 3 ) 2 


hexamethy Idisiloxane , 


(CH 3 ) 3 -Si-0-Si-(CH 3 ) 3 


1,3-bis(silanomethylene)disiloxane, 


(SiH 3 -CH 2 -SiH 2 -) 2 -0 
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(continued) 



Dis( 1 -methylaisnoxanyl)methane, 
2,2-bis(lH7iethyldisiloxanyl)propane, 
2,4,6,8-tetramethylcyclotetrasiloxane, 
octamethylcyclotetrasiloxane, 
2,4,6,8, 1 0-pentamethylcyciopentasiloxane, 

l^.sy.tetrasilano^.e-dioxy^.e-dimethylene, 

2,4,6-trisilanetetrahydropyran, 

2,5-disilanetetrahydrofuran, 



lCH 3 -SiH r O-SiH 2 -) 2 -CH 2 

(CH 3 -SiH 2 -O.SiH 2 .) 2 -C(CH 3 ) 2 
-(-SiHCH 3 -0-) 4 - (cyclic) 
♦(-Si(CH 3 ) 2 0-) 4 -.(cyclic) 
-(-SiHCH 3 -0-) 5 - (cyclic) 
-(-SiH 2 -CH 2 -SiH 2 -0-) r (cyclic) 
-SiH 2 -CH 2 -SiH r CH 2 -SiH 2 -0- (cyclic) 
-SiH 2 -CH 2 -CH r SiH r O- (cyclic), 



50 



and fluorinated derivatives thereof 

may be deposited without an oxidizer if the 3ano«m™ 9 9 ^ COmpns,n 9 ozone - ^ silicon oxycarbide layer 
compounds include: organos.Kcon compound includes oxygen. The preferred organosilicon 
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trimethylsilane, ~ ~— — ~~ 

tetramethylsilane, 

1 ,1 ,3,3-tetramethyldisiloxane, 

hexamethyldisiloxane, 

2,2-bis(1-methyldisiloxanyl)propane, 

2,4,6,8-tetramethylcyclotetrasiloxane, 

octamethylcyclotetrasiloxane, 

2,4,6,8,10-pentamethylcyclopentasiloxane, 



(CH 3 ) 3 -SiH 
(CH 3 ) 4 -Si 

(CH 3 ) 2 -SiH-0-SiH-(CH 3 ) 2 
(CH^-Si-O-SHCH^ 
(CH 3 -SiH 2 -0-SIH 2 .) 2 -C(CH 3 ) 2 
-(-SiHCH 3 -0-) 4 - (cyclic) 

-(-Si(CH 3 ) 2 -0-) 4 - (cyclic) 
-(-SiHCH^-y (cyclic) 



and fluorinated derivatives thereof 
%0 ' the oxygen in a source gas to ozone SZSE 1 ,," 1 " oonw* *«, «V 

moisture content and increase lh9 ^fJ°J^ ■ •*« « "**». » reduce the 

performed after (he deposition cf the next ^SS^i^ST mM8 "* " ™» anneal i. preferably 

provided at a high fluency MsKtlSZls ES.ItET an"""""'' 8 l * >r08 " y The RF "» •» 
In ahcfldcnaticn cycles wherein the pcTZ fthea^ 1* £££ teST "I ""^ ^""^ 
»BI batten about 10% andabcut 30% »t the towci!,^! Iestessl ">" about 200 H 2 and the on cycles 

totaeaae dissociated of the comiMunds™.^ 

entering th, deposition chamber ^^ U ^^* oteteKi ^<'l" a mfctevraveoharnbarprrorto 

lOOa, Although deposed ptaferab* oeeate ,„ a alngle depos„on chamber, the oxyeaftMe , ayercan 
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deposited sequentially in two or more deposition chambers, e.g., to permit cooling of the film during deposition. 
[0024] The silicon and carbon containing layer deposited on the silicon oxycarbide layer can include a silicon carbide 
material, an oxygen doped silicon carbide material, a nitrogen doped silicon carbide material, or combinations thereof. 
The silicon and carbon containing layer is preferably an amorphous hydrogenated silicon carbide. The amorphous 
silicon carbide layer is produced by the reaction of an alkysilane compound, or a carbon containing material and a 
silicon containing material, in a plasma of an inert gas. Oxygen or a nitrogen source, such as ammonia, may also be 
present during the reaction to form the doped silicon carbide layers. 
[0025] Suitable alkylsilane compounds for depositing the silicon carbide layers include: 



10 


methylsilane 


(CH3S1H3) 




dimethysilane 


((CH 3 ) 2 SiH 2 ), 




trimethylsilane 


((CH 3 ) 3 SiH), 




diethyisilane 


((C 2 H 5 ) 2 SiH 2 ), 


15 


propylsilane 


(C 3 H 7 SiH 3 ), 




vinylmethylsilane 


(CH 2 ==CH)CH 3 SiH 2 ), 




1 ,1 ,2,2-tetramethyldisilane 


(HSi(CH 3 )2-Si(CH 3 ) 2 H), 




hexamethyldisilane 


((CH 3 ) 3 SH-Si(CH 3 ) 3 ), 




1 ,1 ,2,2,3,3-hexamethyltrisilane 


(H(CH3) 2 Sf-Si(CH3)2-SiH(CH3) 2 ), 


20 


1 ,1 ,2,3,3-pentamethyltrisilane 


(H(CH 3 ) 2 Sh-SiH(CH 3 )— SiH(CH 3 ) 2 ), 




dimethyldisilanoethane 


(CH 3 -SiH 2 -(CH 2 ) 2 -SIH 2 -CH 3 ), 




dimethyldisilanopropane 


(CH 3 -SiH-(CH 2 ) 3 -SiH-CH 3 ), 




tetramethyldisilanoethane 


((CH) 2 -SiH-(CH 2 ) 2 -SiH-(CH) 2 ), 


25 


ramethyldisilanopropane 


((CH 3 ) r Si-(CH 2 ) 3 -Si-(CH 3 ) 2 ), 



and fluorinated carbon derivatives thereof. 

[0026] The alkylsilane compounds are reacted in a plasma comprising a relatively inert gas, preferably a noble gas, 
such as helium or argon, or nitrogen (N 2 ). The deposited silicon carbide films have dielectric constants of about 6 or 
30 less, and preferably have dielectric constants of about 3 or less. Depositing the silicon carbide layers reduces the 
dielectric constant of the silicon oxycarbide layer to less than about 2.4. 

[0027] A preferred silicon carbide layer is deposited in one embodiment by supplying trimethylsilane to a plasma 
processing chamber at a flow rate between about 10 and about 1000 standard cubic centimeters per minute (seem). 
An inert gas, such as helium, argon, or combinations thereof, is also supplied to the chamber at a flow rate between 

35 about 50 seem and about 5000 seem. The chamber pressure is maintained between about 1 00 milliTorr and about 15 
Torr. The substrate surface temperature is maintained between about 100°C and about 450°C during the deposition 
process. Alternatively, a doped silicon carbide layer can be deposited by introducing oxygen and/or a nitrogen source, 
or other dopant, into the processing chamber at a flow rate between about 50 seem and about 1 0,000 seem. 
[0028] The organosilicon compound, inert gas, and optional dopant, are introduced to the processing chamber via 

40 a gas distribution plate spaced between about 200 millimeters (mm) and about 600 millimeters from the substrate on 
which the silicon carbide layer is being deposited upon. Power from a single 13.56 MHz RF power source is supplied 
to the chamber 10 to form the plasma at a power density between about 0.3 watts/cm 2 and about 3.2 watts/cm 2 , or a 
power level between about 100 watts and about 1000 watts for a 200 mm substrate. A power density between about 
0.9 watts/cm 2 and about 2.3 watts/cm 2 , or a power level between about 300 watts and about 700 watts for a 200 mm 

45 substrate, is preferably supplied to the processing chamber to generate the plasma. Additionally, the ratio of the silicon 
source to the dopant in the gas mixture should have a range between about 1 :1 and about 1 :100. The above process 
parameters provide a deposition rate for the silicon carbide layer in a range between about 1 00 A/min and about 3000 
A/min when implemented on a 200 mm (millimeter) substrate in a deposition chamber available from Applied Materials, 
Inc., located in Santa Clara, California. 

50 [0029] Processes for depositing silicon carbide layers with low dielectric constants are more fully described in co- 
pending United States Patent Application Serial No. 09/165,248, filed Ocjober 1 , 1998, in co-pending United States 
Patent Application Serial No. 09/270,039, filed March 16, 1999, and in co-pending United States Patent Application 
Serial No. 09/627,667, filed July 28, 2000, which descriptions are incorporated by reference herein to the extent not 
inconsistent with the invention. The embodiments described herein for depositing silicon carbide layers are provided 

55 to illustrate the invention, the particular embodiment shown should not be used to limit the scope of the invention. The 
invention also contemplates other processes and materials used to deposit silicon carbide layers. 
[0030] The deposition process of the present invention can be performed in a substrate processing system as de- 
scribed in more detail below. 
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Exemplary CVD Reactor 
[0031] 



* process gases through perforated holes wSSSJZJS^S^! !" diStribUti ° n manif °' d 11 ^persing 
support plate or susceptor 1 2 which h ^ *" °" 8 SUbstrale 

as typically used for liquid injection of TEOS may ateo be orol^ A t " qU,d 1 ,n J ection s ^m (not shown), such 
[0032J The processing chamber 1 0 includesSina of th. Z 8 " qUid or 9 anosili «>n compound, 

coiis (not shown) or external lamps tSZ^SSSStlS^ "~ f nd SUbStrate ' such as b V heating 
» that susceptor 12 (and the substrate ^l^SXoe^ZT^ '* °" 8 SUpp0rt stem 13 s ° 

between a tower loading/off-loading position MmmlEZZZ? t^T* 12) be moved 
[0033] When susceptor 12 and fte substrate are 9P $A,0n ^ C,0Se ^ a ^centto manifold 11 . 

and process gases exhaust into a ma ^Z ™ 9 P ° Srt,0n 1 «• are surrounded by an insulator 17 

«> g^hroughthegassupptylines.Whentoxic^ 

on each gas supply line in conventional conf^uraflons ""^ r0C6SS ' severa,sa fety shut-off valves are positioned 

—"SUKSZ^ r 1 ° « be — ' a tne-a, process or a p.asma 

appiied to distribution manifold "Xm^ 

be provided to the susceptor 12 or ^p^^^^^S^^ RFpowercan 
power supply 25 can S u PP .y either singte or 2 TZl TV"** " **** RF 
species introduced into the high vacuum region KaSSZZ^Z *" decom P osition * reactive 

high RF frequency (RF1) of 13.56 MHz to the toMbuZ^^ T POV f r S " PP,y SU PP ,ies P° wer « a 

the susceptor 12. The silicon oxycarbide by^Z^Z^l? * RF (RF2) ° f 360 KHz to 

fXitZrr^row^ 

the deposition chamber. Separat ^iJZSi^S^r 1 * * ^ 938 pri ° r t0 ente ™9 

founds priorto reaction with the ox^ 

s.Ocon compound and the oxidizing qas is orefeniri J,?„ ,1 P haVmS Separate Phages for the oraano- 

[0037, Typically, any or all of the'cha^be £E 2SZK^^^«* 
hardware is made out of material such as alumSm t »n!n Tf SUSCeptor 12, and various ° m er reactor 
described in U.S. Patent 5,000,5 " ^^™2*M^nTT ^ ° f SUCh 8 CVD reactor * 
Deposition of Silicon Dioxide and In-situ Mu W-steo pZL22 £ ° Re3Ct ° r 8nd Use for Thermal Chemical Vapor 
Materiab, .no., the assignee of the preC^ 

over control lines 36. Th ^reactZdSeTanaioa^ ^2° ^ 25 "* C ° ntrDlled by 3 3? 
pulsed RF generators, that are ^S^llSLT *" (MFCS) 8 " d St8nda * « 

In a memory 38, which in the preferred embodLnnsThtd ZlT ?„ SyStSm Contro ' software stored 

and determine the position of movable ZS^^lSS^ MotorB and ^ sensorc are use * to move 
motor for positioning the susceptor 12 meCh8niCa ' asse *™'<* such as the throttle valve of the vacuum pump 32 and 

[0039] The system controller 34 controls all of the activities of th* rvn 

controller 34 includes a hard disk drive, a floppy dL drive a nd » , n * embodin ™t of the 

computer (SBC), anatog and digital inp toetn^tll* ™* 8 S ^ s 

system controller conforms to the Versa Mooter ^peTsZ^Tj^ ?K T" ™ e 
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programming language such as for example 68000 assembly language, C, C++, or Pascal. Suitable program code is 
entered into a single file, or multiple files, using a conventional text editor, and stored or embodied in a computer usable 
medium, such as a memory system of the computer. If the entered code text is in a high level language, the code is 
compiled, and the resultant compiler code is then linked with an object code of precompiled windows library routines. 
To execute the linked compiled object code, the system user invokes the object code, causing the computer system 
to load the code in memory, from which the CPU reads and executes the code to perform the tasks identified in the 
program. 

[0042] Fig. 2 shows an illustrative block diagram of the hierarchical control structure of the computer program 210. 
A user enters a process set number and process chamber number into a process selector subroutine 220 in response 
to menus or screens displayed on the CRT monitor by using the light pen interface. The process sets are predetermined 
sets of process parameters necessary to carry out specified processes, and are identified by predefined set numbers. 
The process selector subroutine 220 the (i) selects a desired process chamber on a cluster tool such as an Centura® 
platform (available from Applied Materials, Inc.), and (ii) selects a desired set of process parameters needed to operate 
the process chamber for performing the desired process. The process parameters for performing a specific process 
relate to process conditions such as, for example, process gas composition and flow rates, temperature, pressure, 
plasma conditions such as RF bias power levels and magnetic field power levels, cooling gas pressure, and chamber 
wall temperature and are provided to the user in the form of a recipe. The parameters specified by the recipe are 
entered utilizing the light pen/CRT monitor interface. 

[0043] The signals for monitoring the process are provided by the analog input and digital input boards of system 
controller and the signals for controlling the process are output on the analog output and digital output boards of the 
system controller 34. 

[0044] A process sequencer subroutine 230 comprises program code for accepting the identified process chamber 
and set of process parameters from the process selector subroutine 220, and for controlling operation of the various 
process chambers. Multiple users can enter process set numbers and process chamber numbers, or a user can enter 
multiple process chamber numbers, so the sequencer subroutine 230 operates to schedule the selected processes in 
the desired sequence. Preferably the sequencer subroutine 230 includes computer readable program code to perform 
the steps of (i) monitoring the operation of the process chambers to determine if the chambers are being used, (ii) 
determining what processes are being carried out in the chambers being used, and (iii) executing the desired process 
based on availability of a process chamber and type of process to be carried out. Conventional methods of monitoring 
the process chambers can be used, such as polling. When scheduling which process is to be executed, the sequencer 
subroutine 230 can be designed to take into consideration the present condition of the process chamber being used 
in comparison with the desired process conditions for a selected process, or the "age" of each particular user entered 
request, or any other relevant factor a system programmer desires to include for determining the scheduling priorities. 
[0045] Once the sequencer subroutine 230 determines which process chamber and process set combination is going 
to be executed next, the sequencer subroutine 230 causes execution of the process set by passing the particular 
process set parameters to a chamber manager subroutine 240 which controls multiple processing tasks in a process 
chamber 10 according to the process set determined by the sequencer subroutine 230. For example, the chamber 
manager subroutine 240 comprises program code for controlling CVD process operations in the process chamber 10. 
The chamber manager subroutine 240 also controls execution of various chamber component subroutines which con- 
trol operation of the chamber component necessary to carry out the selected process set. Examples of chamber com- 
ponent subroutines are susceptor control subroutine 250, process gas control subroutine 260, pressure control sub- 
routine 270, heater control subroutine 280, and plasma control subroutine 290. Those having ordinary skill in the art 
would readily recognize that other chamber control subroutines can be included depending on what processes are 
desired to be performed in the processing chamber 1 0. 

[0046] In operation, the chamber manager subroutine 240 selectively schedules or calls the process component 
subroutines in accordance with the particular process set being executed. The chamber manager subroutine 240 sched- 
ules the process component subroutines similarly to how the sequencer subroutine 230 schedules which process 
chamber 1 0 and process set is to be executed next. Typically, the chamber manager subroutine 240 includes steps of 
monitoring the various chamber components, determining which components needs to be operated based on the proc- 
ess parameters for the process set to be executed, and causing execution of a chamber component subroutine re- 
sponsive to the monitoring and determining steps. 

[0047] Operation of particular chamber component subroutines will now be described with reference to Fig. 2. The 
susceptor control positioning subroutine 250 comprises program code for controlling chamber components that are 
used to load the substrate onto the susceptor 1 2, and optionally to lift the substrate to a desired height in the processing 
chamber 10 to control the spacing between the substrate and the gas distribution manifold 11 . When a substrate is 
loaded into the processing chamber 1 0, the susceptor 12 is lowered to receive the substrate, and thereafter, the sus- 
ceptor 12 is raised to the desired height in the chamber, to maintain the substrate at a first distance or spacing from 
the gas distribution manifold 11 during the CVD process. In operation, the susceptor control subroutine 250 controls 
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of the present invention is not limited to any specific apparatus or to any specific plasma excitation method. 
Deposition of Silicon Oxycarbide Layer and Silicon Carbide Materials. 

[0054] A damascene structure which includes a silicon oxycarbide layer and a silicon carbide layer or doped silicon 
carbide layer deposited thereon is shown in Fig. 3. Conductive features 310 are disposed in substrate 300. Silicon 
oxycarbide is deposited as a dielectric layer 314 on a dielectric liner or barrier layer 312 of silicon carbide as described 
herein. The liner or barrier layer may alternatively comprise other dielectric liner and barrier materials such as silicon 
nitride. Silicon carbide is deposited as described herein as a cap layer 316 on the dielectric layer 314. The cap layer 
316 may perform as an etch stop during further substrate processing or as a liner layer. The cap layer 316, dielectric 
layer 31 4, and dielectric liner or barrier layer 312 are pattern etched to define the openings of interconnects 31 7 such 
as lines that expose the underlying conducive features 31 0. A conductive liner/barrier layer 31 8 is deposited within the 
interconnects 317, and a conductive material 320 is deposited thereon to fill the interconnects 317. The substrate is 
typically planarized as shown after deposition. 

[0055] A preferred damascene structure fabricated in accordance with the invention includes a silicon oxycarbide 
layer and a silicon carbide layer as shown in Fig. 3, and the method of making the structure is sequentially depicted 
schematically in Figs. 4A-4C, which are cross sectional views of a substrate having the steps of the invention formed 
thereon. 

[0056] As shown in Fig. 4A, a dielectric layer 31 4 of a silicon oxycarbide material formed from one or more organo- 
silicon compounds using the deposition processes described herein is deposited on the liner or barrier layer 312 to a 
thickness between about 5,000A to about 1 0,0O0A, depending on the size of the structure to be fabricated. The dielectric 
layer 314 may be deposited in a plasma enhanced deposition process, but is preferably deposited in a plasma-free 
deposition process by reacting trimethylsilane with oxygen comprising about 15 wt% ozone. 

[0057] The liner or barrier layer 312 may be a silicon carbide layer from the PECVD of an alkylsilane compound 
using a plasma of a inert gas. The silicon carbide layer which may be doped with oxygen or nitrogen. The liner/barrier 
Iayer31 2 may alternatively comprise another material, such as silicon nitride, which minimizes oxidation and/or diffusion 
of conductive materials, such as copper, which may comprise conductive features 310 previously formed in the sub- 
strate 300. 

£0058] The cap layer 31 6, which includes a silicon carbide layer or doped silicon carbide layer described herein, is 
then deposited on the dielectric layer 31 4 by reaction of the trimethylsilane to a thickness of about 200 to about 1 000 
A using RF power in the range between about 10 and about 1000 watts for a 200 mm substrate. The silicon carbide 
material may be doped with oxygen or nitrogen. 

[0059] As shown in Fig. 4B, the cap layer 316, the dielectric layer 314, and the liner or barrier layer 312 are then 
pattern etched to define the interconnects 317 and to expose the conductive feature 310 in substrate 300. Preferably, 
the cap layer 316, the dielectric layer 314, and the liner or barrier layer 312 are pattern etched using conventional 
photolithography and etch processes for silicon carbide films. Any photo resist or other material used to pattern the 
cap layer 31 6 is removed using an oxygen strip or other suitable process. 

[0060] Following etching of the deposited material and removal of photo resist materials, exposed portions of the 
cap layer 31 6, the dielectric layer 31 4, and the liner or barrier layer 31 2 may be treated with a reactive pre-clean process 
to remove contaminants, particulate matter, residues, and oxides that may have formed on the exposed portions of 
the interconnects 317 and on the surface of the substrate. The reactive pre-clean process comprises exposing the 
substrate to a plasma, preferably comprising hydrogen and/or an inert gas, such as argon, at a power density between 
of 0.03 watts/cm 2 and about 3.2 watts/cm 2 , or at a power level between about 10 watts and 1000 for a 200 millimeter 
substrate. The processing chamber is maintained at a pressure of about 20 Torr or less and at a substrate temperature 
of about 450°C or less during the reactive clean process, 

[0061] Referring to Figure 4C, after the cap layer 31 6, the dielectric layer 31 4, and the liner or barrier layer 31 2 have 
been etched to define the interconnects 317 and the photo resist has been removed, the interconnects 317 are filled 
with conductive materials 320. The structure is preferably formed with a conductive material such as aluminum, copper, 
tungsten or combinations thereof with a conductive barrier layer to prevent diffusion. Presently, the trend is to use 
copper to form the smaller features due to the low resistivity of copper (1 .7 £2-cm compared to 3.1 li-cm for aluminum). 
[0062] Preferably, the conductive barrier layer 31 8 is first deposited conformally in the interconnects 31 7 to prevent 
copper migration into the surrounding silicon and/or dielectric material. Barrier layers include titanium, titanium nitride, 
tantalum, tantalum nitride, and combinations thereof among other conventional barrier layer materials. Thereafter, 
copper 320 is deposited using chemical vapor deposition, physical vapor deposition, electroplating, or combinations 
thereof, to form the conductive structure. Once the structure has been filled with copper or other conductive material, 
the surface is planarized using chemical mechanical polishing to produce the finished damascene structure shown in 
Figure 3. 

[0063] A dual damascene structure which includes two silicon oxycarbide layers and two silicon carbide cap layers 
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7, a substrate is positioned 700 in the processing chamber 10 and a silicon carbide liner layer is deposited 705 by a 
CVD or plasma enhanced CVD process from the reaction of an alkylsilane compound described above, such as tri- 
methylsilane. The deposition step 705 can include a capacitively coupled plasma or both an inductively and a capac- 
itively coupled plasma in the process chamber 10. 

[0072] A silicon oxycarbide gap fill layer is then deposited 710 on the liner layer by reacting an organosilicon com- 
pound such as trimethylsilane with an oxidizer such as a combination of oxygen and ozone. The gap fill layer may then 
be annealed in an inert atmosphere for a period of time as needed to remove moisture and solidify the deposited 
material. A silicon carbide cap layer is then deposited 71 5 on the gap fill layer using a plasma enhanced CVD process 
from the reaction of an alkylsilane compound described above, such as trimethylsilane, in the plasma of a relatively 
inert gas. The substrate is then removed 720 from the processing chamber 1 0. 

[0073] Referring to one embodiment in Figs. 8A-8E, the three-layer gap filling process provides a PECVD lining layer 
800 by reaction of an alkylsilane compound such as trimethylsilane to produce an amorphous hydrogenated silicon 
carbide layer as described herein. The lining layer 800 acts as an isolation layer between a subsequent organosilicon 
gap fill layer 802 and the underlying substrate surface 804 and metal lines 806, 808, 810 formed on the substrate 
surface. The gap fill layer 802 is capped by a capping layer 812 of the amorphous hydrogenated silicon carbide layer. 
This process is implemented and controlled using a computer program stored in the memory 38 of a computer controller 
34 for a CVD processing chamber 10. 

[0074] Referring to Fig. 8A, in one embodiment, the PECVD lining layer 800 is deposited in the processing chamber 
10 by introducing an organosilane compound such as trimethylsilane (CH 3 ) 3 SiH, and generating a plasma of an inert 
gas, such as helium or argon. One exemplary processing regime includes introducing trimethylsilane to a processing 
chamber at a flow rate between about 30 seem and 500 seem, introducing helium, argon, or combinations thereof into 
the processing chamber at a rate between about 100 seem and about 2000 seem, maintaining a chamber pressure 
between about 3 Torr and about 1 0 Torr, maintaining a substrate surface temperature between about 200°C and about 
400°C, and supplying between about 300 watts and 700 watts to the chamber to generate the plasma of the processing 
gas. The gas distribution plate 11 is spaced between about 300 mm and about 600 mm from the substrate. 
[0075] Referring to Fig. 8B, the gap filling layer 802 is deposited using alkylsilane compounds as described herein. 
Preferred process gases for the gap filling layer 802 are trimethylsilane (CH 3 ) 3 SiH and ozone, 0 3 . In one embodiment, 
the deposition process includes introducing trimethylsilane at a flow rate between about 50 seem and about 500 seem, 
preferably at about 175 seem, introducing a mixture of oxygen and ozone, where ozone comprises about 15 wt.% of 
the mixture, at a flow rate between about 2000 seem and about 6000 seem, preferably at about 5000 seem, reacting 
the trimethylsilane (CH 3 ) 3 SiH and 0 3 , maintaining a chamber pressure between about 50 Torr and about 500 Torr, 
preferably at about 100 Torr, during deposition of the gap filling layer 802. The gap filling layer 802 may be partially 
cured or annealed as shown in Fig. 8C to remove solvents such as water prior to deposition of a cap layer 812 as 
shown in Fig. 8D. Curing is done in the processing chamber 10 by pumping under a relatively inert gas atmosphere, 
such as a noble gas or nitrogen, under 1 0 Torr at a temperature of about 400°C for about 30 minutes. 
[0076] Referring to Fig. 8D, after deposition of the PECVD gap filling layer 802, a capping layer 812 of amorphous 
hydrogenated silicon carbide is deposited thereon by the plasma processes described herein. Referring to Fig. 8E, 
after deposition of the capping layer, if any, the gap fill layer 802 is preferably annealed in a furnace or another chamber 
at a temperature between about 1 00°C and about 450°C to remove moisture and other solvents. Of course, processing 
conditions will vary according to the desired characteristics of the deposited films. 

[0077] While the foregoing is directed to preferred embodiments of the present invention, other and further embod- 
iments of the invention may be devised without departing from the basic scope thereof, and the scope thereof is de- 
termined by the claims which follow. 



Claims 

1 . A method for processing a substrate, comprising: 

depositing a dielectric layer comprising silicon, oxygen, and carbon on the substrate by chemical vapor dep- 
osition, wherein the dielectric layer has a carbon content of at least 1% by atomic weight and a dielectric 
constant of less than 3; and 

depositing a silicon and carbon containing layer on the dielectric layer. 

2. The method of claim 1 , wherein the dielectric layer is deposited by reacting an organosilane compound and an 
oxidizing gas. 



3. The method of claim 1 or 2, comprising: 
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1 1. The method of any of the preceding claims, wherein the alkyteilane compound is trimethyteilane. 
13. The method of claim 1, comprising: 

"' °' ^ " "" ""^ Cl " mS ' Wte< * »"> "W™*" "^"d campneee ta or mere alkyl 

»S a * Or9an08 " ane COmPO "" a IS '*' e "" lslla " e «" «» 0»"POU"- * 

«. The method of dam 13, wherein the organosUane cempoaad la J.W.B-K.rame.hylceto.ewateaae. 

19. A substrate structure, comprising: 

a silicon and carbon containing layer capping the dielectric layer. 
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20. A damascene structure, comprising: 

a dielectric layer comprising silicon, oxygen, and carbon and defining one or more Interconnects, the dielectric 
layer having a carbon content of at least 1% by atomic weight; and 
5 a silicon and carbon containing layer capping the dielectric layer and further defining the one or more inter- 

connects. 

21. The structure of claim 1 9 or 20, wherein the dielectric layer has a carbon content from between 5% and 50% by 
atomic weight. 

10 

22. The structure of claim 1 9 or 20, wherein the dielectric layer has a dielectric constant of 2.4 or less. 

23. The structure of claim 1 9 or 20, wherein the dielectric layer has voids formed by removing carbon without shrinking 
the dielectric layer. 

75 

24. The structure of claim 1 9 or 20, wherein the silicon and carbon containing layer is an amorphous hydrogenated 
silicon carbide layer. 
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